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Abstract We analyze the discretization of non-local degenerate integrodifferential equations arising as
so-called forward equations for jump-diffusion processes, in particular in option pricing problems when dealing
with Lévy driven stochastic volatility models. Well-posedness of the arising equations is addressed. We
develop and analyze stable discretization schemes. The discontinuous Galerkin (DG) Finite Element Method
is analyzed. In the DG-FEM, a new regularization of hypersingular integrals in the Dirichlet Form of the pure
jump part of infinite variation processes is proposed. Robustness of the stabilized discretization with respect
to various degeneracies in the characteristic triple of the stochastic process is proved. We provide in particular
an hp-error analysis of the DG-FEM and numerical experiments.

Keywords: Discontinuous Galerkin Methods, Feller-Lévy processes, Pure jump processes, Lévy Copulas,
Option pricing, Dirichlet Forms, Error analysis

1 Introduction

We consider the discretization of non-local degenerate integrodifferential equations. Such equations arise, for
example, in financial modelling with jump processes, cf. [11], when dealing with advanced stochastic volatility
models, where the volatility is modeled using a subordinator, cf. [17]. Similar problems arise in the context
of pricing derivatives on electricity or other commodities as in this case Ornstein-Uhlenbeck type processes
are an appropriate model class and lead to drift dominated equations, cf. [3, 6]. This paper aims at the
development and analysis of stable discretization schemes for such equations. We consider the Discontinuous
Galerkin method with and without small jump regularization. We derive localization estimates for a large
class of processes and obtain sharp estimates for the small jump truncation. Our error analysis is performed
in multiple space dimensions. The reason for considering Discontinuous Galerkin discretizations lies in the
structure of the equations: Continuous Galerkin Finite Element Methods (CGFEM for short) which are based
on continuous, piecewise polynomial functions on simplicial partitions, cf. [27, 32], are not applicable in general
as they are well-known to become unstable for operators with dominating drift. The Discontinuous Galerkin
(DG for short) Finite Element discretizations allow to accurately discretize drift-dominated operators via a
judicious choice of the numerical flux to account for dominating drift. However, for discontinuous, piecewise
polynomials the Dirichlet Form of the jump part of the process X is, in general, not well-defined, and some
form of jump regularization is required then. We show that by the so-called small jump regularization of the
stochastic process X in [10] and the references therein, a Dirichlet form is obtained which remains finite even for
Discontinuous Finite Element discretizations, albeit at the expense of introducing an artificial diffusion which
depends on the second moments of the jumps of X of size at most . The resulting stable DG discretizations
of hypersingular integral operators are of independent interest also in other applications.

This paper is organized as follows. We present the necessary preliminaries in Section 2. In Section 3 we discuss
the small jump regularization and localization errors. Well-posedness of the arising equations is addressed in
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Section 4. The DG-method is discussed in the subsequent section. We conclude with some remarks on the
implementational aspects of the methods and numerical examples in one space dimension.

2 Preliminaries

In this section, the necessary preliminaries are presented. The class of stochastic processes considered in this
paper is discussed and the domains of the corresponding generators are defined.

2.1 Lévy processes

Let (Q2, F, P) be a filtered probability space satisfying the usual assumptions, cf. [24], and X = (Xy),5,
an adapted time-homogeneous Markov process with state space R%, d > 1, characterized by the triplet
(b(x),0, v(dz)) (i-e., a pure jump process):

X(t):Xo—i—/Otb(X(s))ds—i—/Ot/Rd zZN(ds,dz). (2.1)

Existence and uniqueness of a solution for the Stochastic Differential Equation (SDE) (2.1) follow from [21,
Theorem 9.1] for globally Lipschitz b(z), where N(dt,dz) denotes a compensated Poisson random measure
with intensity measure v(dz)dt. The Lévy measure satisfies

/ (1z)* A Dr(dz) < oo.
R4
Remark 2.1. This setup includes Lévy processes and Lévy driven Ornstein-Uhlenbeck processes. We focus
on the harder pure jump case, but the consideration of jump-diffusion processes is also possible in this context.
Assumption 2.2. We make the following assumptions on the Lévy measure v.
(i) The Lévy measure v has a density k, i.e., v(dz) = k(z)dz.
(ii) There exist constants B; >0, 87 >1,i=1,...,d, such that
7ﬁ:|2| , < —1
k() $3  wEs
e Bl if 2>
where k;(z) is the i-th marginal of k(z).

(iii) Furthermore we assume that the Lévy density k(z) behaves at z = 0 similar to an a-stable density k°(z),
i.e., there exist constants Cy,Cy > 0 s.t.

C1k%(2) < k(z) < Cak’(2), 0<|z| < 1.

Remark 2.3. These assumptions can be expressed in terms of marginals of the process and a Lévy copula.
We refer to [36, Section 2.3], [32, Section 4.3] and [14, 31] for details and the definition of a Lévy copula.

Note that subordinators are excluded by condition (iii).

We will consider the following boundary value problem: given an appropriate right hand side f(¢, x), find
a suffiently smooth function u(¢, ) such that

dwu(t,x) + Lu(t,z) = f(t,x) in (0,T7) x RY,  u(0,z) = P(x), (2.2)

where, for sufficiently smooth wu(t, x),

Lu(t,xz) = b(z) - Vu(t,z) + c(x)u(t, z) — As[ul(t, x), (2.3)
Agu](t, ) = ./Rd (u(t,z + z) —u(t, ) v(dz). (2.4)



In the pricing of derivative contracts, x is the vector of log-prices or real-prices and P in (2.2) denotes the
payoff function. The operator £ — cI is the infinitesimal generator of the process X. Note that formulation
(2.4) is not feasible for general Lévy jump measures in (2.1), but only for finite variation processes. We will
approximate the general Kolmogorov equation by this special case via a small jump regularization as described
in Section 3. Therefore, we will restrict ourselves to the discretization of Kolmogorov equations corresponding
to finite variation processes. Note that the operator A; in (2.4) is a pseudo differential operator with constant

symbol, we refer to the monograph [22] for details on this topic and [25] for analytical properties of the operator
Aj.

2.2 Domains of Generators

For the variational formulation, we need to identify the domains of generators and of their Dirichlet forms. As
shown in [14, 22, 31], those domains are certain Sobolev spaces in the case of pure jump processes. Therefore
we start with the definition of fractional order isotropic spaces. We define for a positive non-integer p € (0, 2)
and u € §*(RY), where S*(R?) is the space of tempered distributions, the isotropic Sobolev space H?/2(R?),
equipped with the norm H-||Hp/2(Rd) given by

2 2 ey 2
Julforn sy = [ 1+ 1€V (@) de. (2.5)
denoting by @ the Fourier transform of w. Similarly for any multi-index p = (p1,...,p4), pi € (0,2), ¢ =
1,...,d, anisotropic Sobolev spaces H?/?(R%) with norm H~||Hp/2(Rd) given by
d
2 2 A e (2

Julormgesy = [ S0+ i) de, (2.)

=1

can be defined. We define the following spaces on an open, bounded Lipschitz domain G with boundary I'
f[p/2(G) - {u c HP/Q(Rd)’ u\Rd\é = 0} )

where a norm on HP/2(G) is given by ||u||ﬁp/2(c) = ||@ll g7p/2(ray and we denote the zero extension of u outside

of G by @. An intrinsic norm on H?/2 (Q) is given by

: i) — ii(y)
el sy = el + | [ Z Y dady. 27)

Remark 2.4. Note that one can use the integral over G instead of R in (2.7) for p; € (0,2), p; # 1, cf. [27,

Section 4.3]. The case p; = 1 is different, in fact HY2(G) = HO%O(G) (see [26, Theorem 11.7], [27]). The case
pi=1,i=1,...,d, is of special interest in financial modelling, as it arises when using generalized hyperbolic
processes, cf. e.g. [15].

Remark 2.5. The relation between o in Assumption 2.2 and the Blumenthal-Getoor-index 3, cf. [34, Theorem
47.23] or [4], of a Lévy process was studied by [16] for d =1 in (2.2). Korollar 1.33 in [16] implies that o =
for 0 < a<2.

In the following we briefly outline the standard variational setting for parabolic equations which was applied
in, e.g., [31] and [36]. Let V C H be two Hilbert spaces with continuous and dense embedding. We identify
H with its dual H* and obtain the Gelfand triplet

VcCH=H"CV".

The space V is in this setting the domain of a certain bilinear form A(-,-) associated to an operator A. Let
(A, D(A)) be a densely defined operator on H = L?(R?) which is negative definite, cf. [22, Definition 4.6.10]
and satisfies

|(—Au,v)| < C (—Au,u)"/? (— Av,v)"/?



where (-,-) denotes the L?(R%) scalar product and u,v € D(A). Then we may introduce on D(A) the bilinear
form

A(u,v) :== (—Au,v).

The bilinear form A(-,-) given as
~ 1
A(uv U) = Asym(u’ U) + (ua ’U) = 5 ('A(u7 1)) + A(Ua U)) + (u7 1))

defines a scalar product and we may consider the completion of D(A) with respect to ./T(, -), which is denoted
by D(A). Well-posedness of the following parabolic problem can then be shown: Find v € L%((0,7),V) N
H((0,T),V*) such that

(Opu, v)y= v + A(u,v) = (f,v)v+y,Yv €V, ae. in (0,T),
u(0) = uyp,

with ug € H, f € L*((0,T),V*) and T > 0. The space V = D(A) is an anisotropic fractional order Sobolev
space if the operator A is the infinitesimal generator of a Lévy process, we refer to [31] for further details. For
an infinitesimal generator A of a Markov process X the bilinear form A(:,-) is closely linked to its Dirichlet
form, cf. [22, Definition 4.7.21]

Remark 2.6. Note that pure transport operators do not fit into this framework and have to be analyzed using
different techniques.

Throughout the work we use the generic positive constant C taking different values in different places, it
is independent of the mesh width h, the polynomial degree p and the jump truncation threshold e, cf. Section
3. But it may depend on various parameters, such as, s the smoothness of the solution, C; and Cs the shape
regularity and quasi-uniformity constants of the triangulation, the drift dominance parameter 7, the penalty
parameter o and the dimension of the problem d. Besides, we use the generic constant C'(e) which depends
on the same parameters as C' and additionally explicitly on e.

3 Small jump regularization and localization

In this section probabilistic results for the small jump regularization and the localization will be presented.
These are not based on the parabolic integro-differential equation (PIDE) representation of the option price,
but will be useful for the analysis of the PIDE, since the probabilistic estimates can be used to obtain error
bounds for the numerical solution of the equation. This will be done at two steps of the discretization. An
infinite activity Markov process will be approximated by a finite activity process adding an appropriately scaled
diffusion, besides the PIDE formulated on an unbounded domain will be localized to a bounded domain. The
rigorous justification of both steps using purely numerical analysis methods without any probabilistic tools is
much more tedious and technical.

3.1 Small jump approximation for Lévy Processes

We consider a Markov process X as defined in (2.1), with a jump measure that satisfies Assumption 2.2. The

easiest approach to the approximation of the jump measure consists in a truncation of v(dz) in a small ball

around the origin, i.e., we consider the jump measure v°(dz) := 1;5v(d2), v == v — v, with e > 0. We

denote the process with characteristic triplet (b, 0,r¢) by Y¢. We can also approximate the small jumps by an

appropriately scaled Brownian motion, i.e., we consider the process Z¢ with characteristic triplet (b, Q., v¢),

where Q = [pa 22" ve(dz). Due to Assumption 2.2.(iii), Q. is a symmetric positive definite R**?-matrix.
The following approximation result for Lévy processes is well known, cf. [10, Theorem 3.1].

Theorem 3.1. Let X be a Lévy process in R% with characteristic triplet (b,0,v) and let the decomposition
v =1+ 1, be given. Assume that Q. is non-singular for every e > 0 and that for every 6 > 0 there holds

/(Ql , 6(Qe_1z7z)Ve(dZ) —0, ase—0.
Tlzz)>



Assume further that for some family of non-singular matrices {Xc}ee(o,1] there holds
Z;lQeE;T — I, ase—0,
where I denotes the identity matriz in RY. Then for all e € (0,1] there exists an R%-valued cadlag process R
and a process Z¢ = (Z1, ..., Z) with characteristic triplet (b, Q.,v¢) such that
d
X, 75 + R;,
in the sense of equality of finite dimensional distributions.
Furthermore, we have for all T > 0, sup;¢(o 7 ’E;lRﬂ ® 0, as e — 0.

Remark 3.2. Note that the Assumption on the matrices . can be expressed in terms of the jump measure
v, cf. [10, Theorem 2.4].

Throughout this paper, X in (2.1) will generally not be a Lévy process due to the non-constant drift,
therefore a more general result is needed. A weaker convergence result in mean square sense also holds for
more general Markov processes, cf. [2, Proposition 3.3].

Theorem 3.3. Let X be an R -valued Markov process as given in (2.1), then there holds

d
< C'Z/ 22v;(dz;),
i—1 7 lzil<e

for sufficiently small € > 0 and a constant C independent of €.

T
E / 1X(t) - Z(0)| dt

For applications to option pricing we are mainly interested in weak convergence estimates.

3.2 Estimates for Lévy processes

Let X = (X!,...,X%) be a Lévy process with characteristic triplet (b,0,v), such that v satisfies As-

sumption 2.2, Where b is chosen such that eX ,...,eXd are martingales. Now we consider the process
Z¢ = (Z91,..., z59) w1th characteristic triplet (b, Qe,v¢), where v¢(dz) and Q. are chosen as above and
b® is chosen such that 2" ey eZ" are martingales. Convergence of X to Z¢in an appropriate sense follows

from Theorem 3.1.

Lemma 3.4. Let the payoff function P to be globally Lipschitz, then we obtain the following estimate using
U = X; + (b° — b)t, where X is a Lévy process with characteristic triplet (b,0,v).

|[E[P(x + X7)] — E[P(x + Up)]| < CZ/ \zj| vi(dz;), VxR (3.1)

Proof. This estimate can be obtained by Taylor expansion of e* around 0 and is given in [36, Proposition
8.2.1]. For the one dimensional case we refer to [12, Theorem 5.1]. O

Lemma 3.5. If P € C*(R?) and p := max;—1,.__qp; < 1, there holds:

‘]E[P(w +Up)] — E[P(z + ZT < C’Z/ 12> vi(dz;), Ve R (3.2)
If we only assume p < 2, then the following estimate holds

’]E[P(a: + US)] — E[P(x + ZT < C’Z/ 12512 v;(dz;), Ve RY (3.3)



Proof. This follows using Taylor expansion of P and Jensen’s inequality. Note that the existence of first
moments of the jump measure (which is a consequence of p < 1) is essentially used in the first part of the
proof, cf. [36, Proposition 8.2.3.]. O

Remark 3.6. Intermediate cases, i.e., p < ¢ for ¢ € (1,2), lead to analogous estimates.
Finally we obtain the following result from (3.1) - (3.3).

Theorem 3.7. Let X and Z¢ be as above and P € C*(R?), further let u(t,x) = E[P(z + X71)] and uf(t,z) =
E[P(x + Z%)], then the following estimate can be obtained

e7P, Ve eRY pe(0,1)

-7
=P vz eRY 5e(0,2)

lu(t,z) — u(t, )] < C’{

Remark 3.8. Note that Theorem 3.7 yields at least quadratic convergence in € for the L°-error for finite
variation processes and payoffs P € C*(RY). Using merely a small jump trunctation to approvimate the
process X without an artificial diffusion would lead to an approzimation rate of €2=P, for all p € (0,2), cf.

[36, Corollary 8.2.5].
Remark 3.9. The constant C' in Theorem 3.7 depends on the tail behavior and the moments of the jump

measure as well as the time to maturity T

3.3 Estimates for general Markov processes

The described procedure is not directly applicable for more general Markov processes as a solution of the SDE
(2.1) is generally not available in closed form. We can use Theorem 3.3 to obtain a weaker error bound.

Lemma 3.10. Let P be globally Lipschitz and let X and Z€ be as in Theorem 3.3, then the following estimate
holds:

E[P(X7 + )] — E[P(Z5 + @)] |<OZ/ 2u5(d2).

|zi|<e

Proof. Using the Lipschitz continuity of P and Jensen’s inequality, we obtain

|-

The result follows from the Cauchy-Schwarz inequality and Theorem 3.3. O

d
[E[P(Xr + )] - E[P(Z5 +2)]| < K> E |25 - X
i=1

Theorem 3.11. Let X and Z¢ be as above and let P be globally Lipschitz, let further u(t, =) = E[P(x + X7)]
and u(t,x) = E[P(x + Z5)] be as above. Then, as € | 0 the following estimate can be obtained

lu(t,z) —u(t,x)] < Ce* P, Ve eRY  forallp € (0,2).
Proof. This is a direct consequence of Lemma 3.10. O

Remark 3.12. Note that Theorem 3.11 yields, in contrast to Theorem 3.7, at least linear convergence in €
for the L -error for finite variation processes with globally Lipschitz payoffs. An analogous estimate can be
obtained if merely a small jump truncation, without reqularization, is employed.



3.4 Localization

In the following we estimate the error due to localization of the Kolmogorov equation. This is necessary as
the Galerkin discretization will be performed on the localized problem. It turns out that the localization error
decays exponentially with increasing domain under certain assumptions. We assume the payoff P to satisfy
the following polynomial growth condition:

d

a
|P(s)] < <Z [si] + 1) , forall s € R%. (3.4)

i=1

The variable s denotes the state variable in a real price model and the exponential of the state variable in a
log-price model. The condition is satisfied for all standard multi-asset options like basket, maximum or best-of

options. We consider log-price models with log(s;) = x;, ¢ = 1,...,d, in the following; the estimates for the
real price models follow easily.
The unbounded domain R? of & will be truncated to a bounded domain Gg = [~ R, R]¢. In terms of financial

modelling, this corresponds to the approximation of an option by the corresponding double barrier option. In
the following we will consider two cases. First we will derive a localization error estimate for tempered Lévy
market models and then extend this to tempered affine market models.

Theorem 3.13. Let the payoff function P : R? — R satisfy (3.4). Further let X be a Lévy process with state
space R? and Lévy measure v satisfying Assumption 2.2 with ﬁj, B; > q, where ¢ >0 is as in (3.4). Then

lu(t, @) = up(t,z)| S e FHPIEle,
for 0 < o < min; min (8", 8;7) —q and B = a +q,
up(t,z) = E[P(eXT)]lT<TGR | X, = x],
and 7q, = inf{t > 0|X; € G4}, where G4, is the complement set of Gg.
Proof. See [31, Theorem 4.14]. O

There holds a corresponding result for affine models.

Theorem 3.14. Let X be a Markov process as given in (2.1) with a finite variation jump measure, we set
b(x) = (=b1z1,...,—baxq), for some constants by, ... ,bqg € RT. Further let v and P be as in Theorem 5.183,
then the following estimate holds:

u(t, ) — up(t,@)| S e oIl (3.5)
where «, B are given in Theorem 3.18.

Proof. The idea of the proof is to reduce this problem to the setting discussed in Theorem 3.13. We make use
of the explicit solvability of the SDE (2.1) in this special case. The solution for this SDE is given as:

t
Xi(t):xi,oe—tbur/o e~ Wb (u), i=1,...,d. (3.6)

The process X;(t) can be estimated pathwise as follows:

t t
| X:(t)] <| X;0] + max (/ dL; (u), 7/ dL; (u)) (3.7)
0 0
Therefore we obtain the following estimate:

u(t, @) —un(t,@)| = BIPE) 150,11 X = @] < Ble™ Ljag, | X, = al,



where M7 = sup e 71 [| X5/ - Using (3.7) it follows:

E[e™" 1 a1 > 1y | Xo = 2] < E[eY71 1 Xe=al,

{MT>R

for My = || X¢l|o. + sup,epy max {L*(s), —L(s)}.

_ . .
Ele™7T1 5 gy |Xe = ] <E[e?™r Ly X =2 + E[eMr Loy | X = 2 (3.8)

Both terms in (3.8) can be estimated analogously to Theorem 3.13, which yields the claimed result. O

Remark 3.15. Similar results can also be obtained for more general drift functions. E.g. assuming
(b1,...,bg) € RY, leads to an analogous estimate to (3.5) under stricter assumptions on 3, 87, i=1,...,d,
and different constants o and 3.

4 Well-posedness of the Kolmogorov equations

The well-posedness of the arising equations is addressed in this section. Abstract existence and uniqueness
results are presented. In several particular cases, such as pure diffusion, resp. pure jump, a characterization
of the domain of the generator is given.

4.1 Abstract results

In the following we consider the localized problem on a bounded domain G with Lipschitz boundary 0G. We
impose the following conditions on the coefficients.

Assumption 4.1. Let the coefficients in (2.2) satisfy:
1. be [Whe (@),

2. There exists a positive constant cmax such that cmax > |c(x)| Va € G.

3. Let a5 (-,-) denote the bilinear form of the jump part of the generator of X, i.e. a5 (u,v) := (AG[u],v) :=

(As[a], ), u,v € D(aF), with a jump measure v(dz) that satisfies Assumption 2.2 with order p, p =
max;=1,..4p0; <2 and p :=min;=1,. 4p; > 0.

.....

.

4. There exists a positive constant y s.t.

VreG: clx)— %div (b)) >~ >0. (4.1)

The strong formulation of the localized problem reads:

Owu(t, ) + Su(t,z) — AG[u](t,x) = f(t,x) on (0,T) x G, (4.2)
u(0,2) = P(x) on G, wu(t,z)=0o0n (0,T)xT_,
where we set I'_ := {& € 0G : b(x) - n < 0}, n is the exterior unit normal vector to G and we define
Su(t,x) := b(x) - Vu(t, ) + c(x)u(t, x). (4.3)

We obtain the following result. Consider the inner product (w,v)y for w,v € H*(G) given by
(w,v)i = (0,v)12(6) + (W, vV)ac + (W, V) /2y

where (w,v)aa = [y n(s) - b(s)| w(s)v(s)ds. We denote by H the closure of H'(G) in the norm [jwl| :=

(w,w)p.



Theorem 4.2. Let (4.2) satisfy Assumption 4.1. Then a Garding inequality and continuity of the bilinear
form corresponding to Lu holds on a certain Hilbert space V.= H(G) which is a subspace of H. This implies
the well-posedness of problem (4.2) on L2((0,T); V)N H((0,T);V*).

Proof. The result follows from [17, Theorem 3.16], [20, Theorem 2] and [28, Theorem 1.4.1]. O

An alternative approach to the proof of well-posedness is the use of semigroup theory. We consider the
weak space-time formulation:

T T
/ / (Owu(t, ) + b(zx) - Vu(t,x) — AG[u(t, =) + c(x)u(t, @) v(t, x)dedt = / / f(t,x)v(t, x)dxdt, (4.4)
o Ja o Ja
for all v € W, where
W o= {u € L2((0,T) x G), u+b-Vutcue L2((0,T) x G),u(0) € L2(G), ulr_ € L2 ((0,T) x I'_) }
n o L2 (0,1), 58°/%@)),

equipped with the norm ||-||;, defined by

2y // tmdmdt+//atu+b Vu + cu)? (ta:)dmdt—l—/ 2(0, )dx
/’/ ts@ﬁ+/|m<nmm

We shall use the following Theorem from [1], where we denote by Lip(G,R) the class of real valued functions
which are Lipschitz continuous in the domain G C R?.

Theorem 4.3. Let us assume F' € Lip(G,R) and div(F) € L>®(G); further let the operator K be given as

u=-V-(F(x)u(x)),

with u in the domain D(K) = {u € L*(G) : Ku € L*(G),u|r_ =0}, where T is assumed to be piecewise C'.
Then (K, D(K)) is the generator of a Cy semigroup of contractions.

Proof. See [1, Theorem 4.4]. O

Thus the transport as well as the jump operator generate Cy semigroups, using Assumption 4.1, therefore
the mild solution u € C([0,T], L*(G)) of problem (4.2) is well-defined (cf. [29, Section 4.2, Definition 2.3]),

ie.,

u(t,) =exp (t(S— Ay)) P(:) + /0 exp (s(S—Ay)) f(t—s,-)ds. (4.5)

Uniqueness of suffiently smooth solutions follows from linearity of the Partial Integro Differential Equation
(PIDE) and the following estimate, which can be obtained choosing v =« and f =0 in (4.4)

1 2 2
0= 5 llult; zz@ + Cllullw < 0.

Remark 4.4. If one assumes u(0) € D(S — Ay) and f € CH([0,T], L*(G)), then a unique strong solution on
[0,T) can be obtained due to [29, Section 4.2, Corollary 2.5].

Remark 4.5. Using semigroup theory we are mot restricted to bounded domains G, but we can consider
the problem on the whole space R?; in this case the boundary conditions on T'_ are void. Note that the
integrability condition P € L?>(R?) is strong and not satisfied in many financial applications. Therefore we
can either work in weighted Sobolev spaces, cf. [27], an approach we do not pursue in this work, or we can
use a localization argument to reduce the problem to a bounded domain and control the truncation error under
certain assumptions by a probabilistic argument, cf. Section 3.4.

Under certain conditions on the Lévy driving process, we can obtain stronger regularity results. We will
examine several special cases in the following.



4.2 Infinite variation processes

In the following we assume p > 1. Let the bilinear form A(-,-) be given as

Alu,v) = y Lu(z) v(x)dz (4.6)
= /Rd b(x) - Vu(zx) v(x)dx + /Rd c(x)u(x)v(x)de — /Rd Al lu(z)] v(zx)d,
Alul(z) = /Rd (u(x + z) —u(x) — z - Vu(z)) v(dz), (4.7

for u,v € D(A). We consider the following problem: find v € V such that Yo € V, V = D(A) it holds
Alu,v) = / F(@) v(x)da.
G

4.2.1 Garding inequality

Let us denote by v the Fourier transform of v, i.e., ¥ = Fv. Using [31, Proposition 3.10], we obtain for a/;(-, )
with a jump measure v satisfying Assumption 2.2, for any v € D(a’;)

—aly(u,u) = —(Aj[u],u) > C|lull} 2 — Callullg, (4.8)

with C¢; > 0, C; > 0, and where we denote by ||-]|,/2 and |- ||o the norm in HP/2(G) and L*(G), respectively.
See [31, Section 4] for further details.

Let us now consider the drift and reaction term in (4.6). Due to condition (4.1), it holds for

u € {u € L*(G)|Su € L*(G),ulr_ =0}, with S as in (4.3)

/Gb(a:)~Vu(a:) u(m)da:+/ c(x)u’(x)de, = /Gc(:c)uz(cc)Jr%/ b(x) - Vu?(x)dx

G G

= [ (ct@ - jav@)) eim = lp. @)

Thus we obtain the following result.

Theorem 4.6. If Assumption 4.1 holds, the bilinear form A(-,-) satisfies a Garding inequality on V.

Proof. The result follows from (4.8) and (4.9). O
Remark 4.7. We do not require the assumption p > 1 for Theorem 4.6.

Remark 4.8. A similar estimate to (4.8) can be obtained for the localized problem using the Sobolev-Slobodecki
norm. Splitting the bilinear form a§ (-, -) into its symmetric (a?’s(~, 1)) and antisymmetric part (see [31],
Section 4.4), we obtain foru € V

. 1 - ~
~au) = = ) = 5 [ [ (@) =) (b~ 9) + by — ) dyda. (4.10)
Without loss of generality, we impose G C B(0; %) C R, Then we obtain

—a§ (u,u) = C (Jfill3 2 — I[l]3)

The constant C depends only on C1 and Cy in Assumption 2.2.
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4.2.2 Continuity

In order to study the continuity, it is convenient to use the Fourier transform. We consider the term
Jo Su(z)v(zx) de. Since FVu(§) = i€ u(£), it holds

[ sut@yi@da| < bl [ i1 €306 TETde| + el Il
1/2 1/2
~ 2 ~ 2
< Cllb ( [ el tate) ds) ( [ el ds) T ol [l
Rd R
where 1 denotes the unit vector in R?. Since pj =1, j=1,---,d, we have

/GSU(m)v(ﬂS)dw < Ollullyyzllolliyz < Cllullp2llvllp/2- (4.11)

We study the behavior of the jump term. As above it follows from Assumption 2.2 using [31, Proposition 3.5]

- [ Astal@pt@lia| < Clluloallvlle (1.12)

for some positive constant C' that depends only on the jump measure.
Theorem 4.9. The bilinear form (4.6) with p > 1, is continuous on V := D(A).
Proof. The result follows from (4.11) and (4.12). O

The well-posedness of the parabolic problem: given f € L%((0,T); V*), find u € L*((0,T); V)NH((0,T); V*),
such that

(Opu,v) + A(u,v) = (f,v) ae. in (0,7), u(0,xz)= P(x), (4.13)

for all v € V, where A is given as in (4.6), follows from Theorems 4.6 and 4.9.

4.3 Finite variation processes

We now assume that 0 < p < 1. Note that in this situation p < 1 (p > 1) implies that the corresponding
process is of finite (infinite) variation. Therefore (4.11) does not hold. The above steps, leading to Theorem 4.6
and 4.9 still give a Garding inequality on the space V = .FNI"/Z(G) and continuity on the space HP/? (G)N Wy,
where Wy, = {w € L*(G) : b-Vw € L*(G)}.

Remark 4.10. We still rely on the general results presented in Section 4.1 for the well-posedness of the
problem.

Remark 4.11. If we assume b = 0, then we obtain the framework discussed in [31]. Therefore well-posedness
of the Kolmogorov equation can be proved on the space HP/? (G).

Remark 4.12. Note that for Lévy market models, where the drift component is constant, this situation can be
achieved using a change of variable (e.g.[27]). The removal of the drift is nontrivial for more general Markov
processes.
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4.4 Regularized Kolmogorov equation

We now consider the well-posedness of problem (4.2) after the small jump regularization. We assume the
following uniform estimate for the diffusion part of the operator: Q. > Qq, where Qg is a symmetric positive
definite matrix. Thus, instead of considering problem (2.2), after localization to Lipschitz domain G C R?, we
study the numerical solution of its small jump truncation approximation
Qs (t, ) + LU (t, ) = f(t,x) in (0,T) x G, (4.14)
u(t,z) =9 =0 in (0,7) x 9G, u(0,x) = P(x) in G,

where
LEw(t, z) = SCw(t,x) — A?’E[w] (t,x),
AG ul(t.w) = [ @@+ =)~ B(t2) v (dz),
Sew(t, ) = b () - Vul(t, o) + c(@)w(t, ) — %tr(QEDQ)w(t, z),

with coefficients that satisfy Assumption 4.1 and v¢, Q. and b° as in Section 3.2. Therefore a weak formulation
of (4.14) reads:find u¢ € L?((0,T), H}(G)) N H*((0,T), H~1(G)) such that

(Orus,v) + (Sus,v) — ( ?’Eue,v) = (f,v), a.e. in (0,7) u®(0) = P(x) (4.15)

for all v € H}(G), where (-,-) denotes the scalar product on L?(G). We obtain existence of a unique weak
solution of the above problem from [31, Theorem 4.8]. If G = R%, then the domain of the generator is H'!(R?).

Remark 4.13. Sufficiently smooth non-homogeneous Dirichlet boundary conditions can also be considered.

Remark 4.14. If the diffusion coefficient Q. is not positive definite, but only positive semidefinite, we obtain
anisotropic Sobolev spaces as the domains of the generators. This corresponds to regularized pure jump pro-
cesses with a finite activity compound Poisson process in certain directions and infinite activity processes in
other directions.

5 DGFEM for the forward equation

A DG-discretization scheme for the forward equation is described in this section. After introducing the
necessary notations, the numerical scheme is presented and analyzed. An error analysis in multiple space
dimensions is performed.

5.1 Triangulations

In the following we briefly summarize the requirements that have to be imposed on the triangulation. Let 7j,
be a subdivision of G into disjoint open element domains K such that G = UKeTh K and each K € Ty, is an

affine image of a fixed master element K, i.e. K = F(K), where K is the unit simplex. We assume T;, to be
a shape regular, quasi-uniform and simplicial triangulation and

h
3 C1, Cy > Oindependent of h such that sup Ko Cy < +4oo and sup hg < Cohx' ¥V K' € Ty, (5.1)
KeT, TK KeTn

where hyi and rx denote the diameter of the element K and the maximum radius of a ball contained in K,
K € Tp, respectively. Moreover, we set h = maxger, hi.

We denote by V}, the space of discontinuous piecewise polynomial functions, i.e., vy € V; if and only if
vnlx € PP(K), VK € T, where K is a simplex in R? and PP(K) is the space of polynomials of total degree p
in K. Finally, we assign to the subdivision 7, the broken Sobolev space of composite order s, where sx € Ny
are non-negative integers,

H*(G,Tn) ={u€ L*G) : ulx € H**(K)VK € Tp,} (5.2)
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equipped with the norm

1/2
lull o7y = <Z||U|H5K(K)> :

Keﬂl

Furthermore we use the following notations: T'p, = |J KeT,, 0K, Ty being the considered triangulation and
=y rxeT, 0K NIG. The average and jump operators are defined as follows: if e € I' is an edge shared by
two elements K7 and K5 of 7;, and n is the unit vector normal oriented from K7 to Ks, then

{'U} _ U‘Kl +U‘K2

D) ) [U] :v|K1 _U|K27

otherwise (i.e., e € 'NOG) we set {v} = [v] = v.

5.2 DG formulation

The DG semidiscrete formulation of (4.14), with possibly inhomogeneous boundary conditions, reads as follows:
for (sufficiently small) jump regularization parameter € > 0, find u§,(t,z) € H'((0,T); V}) such that Vv, € V,
it holds

/G By (1, ) on (@) + A (u (1 ), v (&) = rhstg(vn(), (5.3)
up(0,2) = II,P(x), (5.4)
where II, P is the L?-projection of the initial condition function P in V}, and
Apa(w,v) == dpg(w,v) + tpg(w,v) + rpa(w,v) + jpa(w,v), (5.5)
rhshea(v / fodz + bcha(v). (5.6)

The bilinear forms d5; (-, ), tHa (- ) rpa(cs ), 1Ha(, -) and the boundary form be,; () are defined as follows
for v,w € V.

(i) Diffusion term d%(-,-) : for ease of notation we will drop the dependency on time t and space . It
holds

dpe(w,v) = Z / Vu' Q. Vude — Z /{VwTQEn}

KeTy ecl'y,
B T
ezrh/ ] {Vv Qen}dereeZF B I/ (5.7)

where o > 0 is independent of h and €; § = —1 yields the Symmetric Interior Penalty Galerkin (SIPG)
method (which converge only if « is sufficiently large), while 8 = 1 gives the Non-Symmetric Interior
Penalty Galerkin (NIPG) method. See [33, Chapter 2] for further details. From now on we set 8 = 1,
i.e., we discretize the diffusion term with the NIPG method.

(ii) Transport term t% (-, -): following [18], we obtain

tHa(w,v) Z / b - Vwude — / K(be ‘n)[wlvrds, (5.8)

KeTy

where ng is the normal unit vector exterior to K, v (vo) is the inner (outer) trace of v relative to K
and, according to the above definition, [v] = v; — vo. Moreover we set

OCK:={xcdK : b°ng <0} and O K:={xcdK : b°-ng >0}

Notice that in the following we will drop the index € when € =0, i.e., 91 K := 0. K

13



(iii) Reaction term rpg(-,-): it holds
rpa(w,v) ::/ cwvdx. (5.9)
G

(iv) Integrodifferential term j% (-, -): since the jump operator A?’e in (4.14) can be rewritten as

AG )t z) = / (@(t,y) — B(t, x))ke(y — z)dy, (5.10)
Rd

the integrodifferential term is given as
ipa(w,v) / / w(t,y) ,x))ke(y — x)dy v(x)de. (5.11)
R JRA

(v) The boundary term bch,,(+) reads

b (v Z /( VvTQEn—&—' | >gds—

Z / (b° - ng)gurds.
EFO 0¢ KNoG

KeTy

The first term stems from the discretization of the diffusion part, while the second term originates from
the transport term. Notice that if ¢ = 0 as in (4.14), then bc,; = 0.

Remark 5.1. In [19] the authors deal with a DG discretization for the hyperbolic part b - Vu + cu = f.
More precisely, they discretize the bilinear form t5o(-,-) +cpa(-,-) as in (5.8) and (5.9) adding the following
stabilization term
) Z / (b° - Vu+ cu) (b° - Vv)de,
KeTn

for 6 > 0. The consistency of the method is ensured by adding the term 5fG f(b° - Vv)dx to the right-hand
side of the equation. Consistency, stability and an error analysis is provided in [19] with § = Chp~!, with
C' independent of h and p. However, numerical results (see [19, Section 5]) show that the scheme without

stabilization, i.e., § = 0, is marginally more accurate for p =1 and p = 2. For larger p the stabilized scheme
is slightly more accurate.

Remark 5.2. According to the previous section, G C R, d > 1, is a bounded plane faced polyhedral domain
with Lipschitz boundary I'. The above DG formulation is written with integrals over faces of the elements of
the mesh, and thus for the case d > 1. In the one dimensional case, this is to be interpreted as follows: if
K = [a,b], then 0K = {a,b} and we set for v € PP(K)

/avj(;v)dx = v(a), /bvj(:zr)d:c = v(b), /av[(:c)ndz = —v(a), /bvj(z)ndx = u(b),

wheren =1 (=1) in b (a). Moreover, if h is the length of the interval K, i.e., h :=b — a, we replace |e| by h
in (5.7).

Remark 5.3. Let us consider, for simplicity, the one dimensional case, i.e. d = 1 in (4.14), and the in-

tegrodifferential term (5.11): if we denote by kY the antiderivative of ke, then (5.11) can be rewritten as
follows:

ipetwr) = [ 30 [ @@k - a)dyita)da

ey

KeTy,

/ w(x))nk =V (s — x)ds (x)dz,
aK

KeTy
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where the antiderivatives of k.(x) are given by

B 61 () = { ffio ké—(i)_()y)d’y if x <0, (5.12)
‘ — [T ke (y)dy  if x>0,

and k£°> = k.. See Section 6 for details.

Remark 5.4. The discretization of the regularized Lévy density, cf. Section 3.2, can be performed as follows.
If we assume a Lévy copula construction for the density k(z) with a 1-homogeneous Lévy copula F, cf. [23],

then the jump term A?’e (5.10) can be expressed as follows:
d
AF @) = 3 [ (@ + )~ (t2) ko) d
i=1

d -
w
+ 2 Y [ GO (U~ meer) di, (5.13)
=2 |1=5 “®
I <...<I;

where

Fl(ul):ali_glo Z H signu; | F(ui,. .., uaq),
(uj)jerc€{—a,co}lI°l \j€I*

cf. [31, Proposition 4.11]. Therefore Remark 5.3 can be used to discretize the univariate marginal integrals, this
corresponds to a Lévy measure with independent marginals. The remaining term in (5.13) can be discretized
analogously.

5.3 DG stability and error analysis

In the following section we analyze the stability and derive error estimates for the DG semidiscrete formulation
(5.3)-(5.4) of (4.14). Let us consider the following notation. We denote by u the smooth solution of problem
(4.2), u® is the smooth solution of problem (4.15) with ¢ > 0 and u, € V}, is the solution of problem (5.3)-(5.4)
according to the DG discretization.

We prove the consistency of the considered DG scheme in Section 5.3.1, while in Sections 5.3.2 and 5.3.3 we
deal with an a priori bound and error estimates of the DG solution.

5.3.1 Consistency of the DG scheme

Theorem 5.5. If u is the solution of (4.15), then it satisfies (5.3).

Proof. Assume for simplicity g = 0, i.e., u¢|sgg = 0. Let v, € V4, be a test function. Multiplying (4.14) by vy,
and integrating by parts, we obtain

(Opus,vp) 4+ (Sus,vp) — (A?’eue7 vp) = (f,vn),
where (-, -) denotes the scalar product in L?(G). Since
(ASus 0n) = jhe(uvn), (cut,vn) = rpg(us,on) and (f,vn) = rhspa(vn),
holds, in order to prove consistency of the method, we have to deal with the diffusion and transport terms.

However, the regularity of u¢ implies [u¢] = 0 on I'y,, thus (b°- Vu®, vy) = t5(u, vy). Finally, the consistency
of the diffusive part (and thus of the whole formulation) follows from [33, Proposition 2.9]. O
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5.3.2 A priori bound

Let us assume that b and c satisfy
1 ~
(c§)?(x) = c(x) — §div(b5(w)) >v>5>0 (5.14)

for sufficiently small € > 0 and 5 > 0. Note that this condition follows from (4.1). Following [18], it holds for
all w € HY(G, Tp)

€ € 2 c 1
dpg(w,w) + tpg(w, w) + rpg(w,w) = Z <|w\H1,s(K) + HcowH%z(K) + §H[w]||2L2(85K)
KeTn
1
+§||[w}|\%2(a;;mro> > B ‘H[w}l\iz(e), (5.15)

ecl'y,
with )
|w|§11’€(K) = 7/ Vu' Q. Vwdz.
2 Jk

The above arguments suggest to define for € > 0 sufficiently small and w € H (G, T), the DG norm:

2 . 1 1
||w|\2DG(e) = Z (‘w|H1=€(K) + ||COw||2L2(K) + §||[w]||%2(ajK) + iH[w]Hiz(aikmrg))
KeTn
[0
+ Z m”[w]\@?(ey (5.16)
ecl'y,

Let us now consider the term j§,(:,-); for ease of notation, we will omit the dependence on ¢t. Using (4.10),
we obtain for e > 0 sufficiently small j§,,(w,w) > 0, and therefore

A (w, w) > [[w][Bge- (5.17)

Considering (5.11), it holds for all w € H*(G,T;,) and all € > 0

IN

Jpa(w,w) ©))ke(y — @)dy w(z)de (5.18)

IN

C||k€||L°°(Rd)Hw||L2(G) < C()llwlBe o)

ie.,
ba(w,w) < ClO)|[wllpae)- (5.19)

Remark 5.6. From (5.18), it is clear that it is not necessary to add an additional term in the definition of
the norm || - || pg(e) to control jpg(-,-) once € > 0 is fived. However, if € — 0, then C(e) — 400 in (5.19).
See Section 5.4 for details on the case e = 0.

To prove the a priori bound, we need the following result.

Lemma 5.7. Let w € V;, C H*(G,T;,) and K € Ty, then there erists a constant C > 0, independent of h,p
and dependent on the shape regularity of Tp, such that,

HVthQEnH 2 < Cph™1/? H\/ VthQGVth Ve € OK.
L2(e) L2(K)
Proof. The result follows from trace inequalities. In fact
T 2 T Cp? T
thw anHL?(e) < Cmax{\Q€|}/Vhw QVywde < h—max{|Q6\}/ Viw' QVywde,
e K K

where the constant C is independent of hg, i.e., the diameter of the element K, the polynomial degree p and
le] (see for example [33, Section 2.1.3] and [18, Section 4.2]). O
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Theorem 5.8. Let us, be the solution of (5.3), then the following a priori bound holds:

T
||UZ(T»')||%2(G)+/O |[u, (¢, )HDG( ydt < C Hf”L?((OT) L2(G) + Z |H9HL2((0T L2y | + 11 PHL2 Q)
eFO

Proof. Considering (5.17), it holds

1d .
2dt|| h||L2(G + ||uh||DG(e) /Gatui updx + dpg(up, up) + tpe(uh, uy) + ipe(uh, up)

= rhspg(uy,) + bepg(up,)

IN

2@ llusllzze + Y gllzee
eel)

| (Vug) " Qen| 2 () .
( h 2 © +||max{ b° - n, O}uh||L2 e)+| |||uhHL2 (e)

where n is the exterior normal unit vector. From Lemma 5.7, we obtain

1d
s gllunllizi) + lublbae < \ e \|f||L2<G>+ZC gllL2(e) | [luillpee,

ecl')

with C, = max <2\/ﬁ’ \ e | max {maxgze, (—b°(x) - n), 0}, ,/ﬁ‘) , where C is the constant in Lemma 5.7.
Thus

1/2
1d 1 9 .
thHuhHL?(G) + Huh”DG(e < C|lIflle2e) + Z HHQHLQ(e) [|up D)
ecl'y

IN

1 1, .
c? ||f”2L2(G) + Z HHQHQL%) + §||Uh||2DG(E),
eel)

where C' = max {maxeer? (d\/|e|) , ,/715} . We notice that C' is independent of h, for sufficiently small h,
due to the mesh regularity properties (5.1). Thus

d. . ) 1
%”uhH%Q(G) + ||uh”2DG(e) <207 ||f||%2(<;) + Z MHQHQL’Z@)
eel)

and the claimed result is obtained integrating in time and setting (0, -) = IL, P(-). O

5.3.3 A priori error estimate
We want to estimate ||u — uf || in a suitable norm. We estimate it as follows:
v = wj|] < [lu— |+ [|Ju® — uj].
—_—— — —
(@) (b)

The term (a) can be estimated using Theorem 3.11, while the term (b) depends on the DG approximation. In
order to prove an a priori error estimate for ||u® — uj ||, we need the following Lemma.

Lemma 5.9. Suppose that K € Ty, is a shape reqular d-simplex or a shape regular d-parallelepiped of diameter
hx. Suppose further that u|lx € H"(K),r > 2. Then there exists a projection I, rcy on the space of the
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polynomials of degree p in K such that, for s > 1, p > 1, s integer
pin(p+1,5)
|lw =T kyw||p2(x) < CKTHU}||HS(K)7
min(p+1,s)—1

IV (w = T, xyw) l|2(r) < O%waﬂmmv

min(p+1,s)— 3
|lw = rywl| p2(ar) < C—E T ||| s (k)

S—

min(p+1,s)—32

IV (w =T xyw) || L20k) < C—E 3 || £rs (1)
Moreover, for 0 <1 < 1, it holds
hmin(p+1,s)—l
[lw =T, Wl g (ry < CKPTHWHHS(K)-
Proof. See [8], [18, Lemma 4.4] and [35, Section 4.5]. O

Remark 5.10. In each estimate, s can be chosen differently, if w is sufficiently smooth.

Remark 5.11. Lemma 5.9 can be extended to the case 0 < s < 2. In this case, the right-hand side of the
interpolation estimates contains the term ||w||gs (5, ), where df is the union of the element K with its neighbor

elements, i.e. g = {K' ETh:K'NK # @}, e.g., all the elements of the triangulation Ty, that share an edge
(d=2) or vertex (d = 3) with K.

For ease of notation, we set w(t) := w(t,-). We define the DG norm as follows:

t
Ilw®IBee = w7 +/o lw(s)|[Haeds vt e (0,T).

Moreover, we assume that the following condition holds.

Assumption 5.12.
b(:c) -Vyon €'V, Yo, € V. (5.20)

This condition will be further discussed in Remark 5.14. We are now able to prove the following result.
Theorem 5.13. Let u® and uj, be the solutions of (4.15) and (5.3), then ¥Vt € [0,T]

. . hmin(p—&-l,s)—l . .
I (w® = up,) Olllpeee) < C(E)T (||U Ol grse,7,) + 1w ||H1((O,t);H5(G,Th,))) : (5.21)

5—

Proof. Since the scheme is consistent, the DG formulation (5.3) satisfies the orthogonality property
vVt e (0,T), Yv eV / O (u® — uf)vde + Ap(u® —ujy,v) = 0.
G

Let us consider a suitable projection II, onto the space of discontinuous piecewise polynomial functions such
that
VK €T, (Iv) |k = k) (v]x).

As in [18] we use the L? orthogonal projector, i.e., given w € L*(Q2), (w — Hyw,v) =0 Vo, € Vj,. We set
n:=u—Il,u® € V and £ := uj — Il u® € V4, (5.22)

where obviously £ € V3, holds. Using the Galerkin orthogonality and the equality u® — uj, = n — &, we obtain

[ e+ Ale.0) = [ dde+ Apgnv) Vo€ Vi
G G
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Thus, setting v = £ and applying (5.17), we obtain
1d . .
5 dt||f||L2(G) + H€||DG(E) aS /G §0ildx + Ap (€, €) = /G §ondx + Ape(n,€). (5.23)

Let us examine the terms in (5.23) in more detail. For any C; > 0, it holds

—

C 1
/Gamfdw < MOnlle2alléllL2a) < 71||§||%2(G) + Ta\luatn'l%?(G)

A

Cl 2 1 2
< —l§ o+ —=I|0n )
27EII (YT 201” Iz e

It follows from [18, Lemma 4.3] and Lemma 5.7 that for any 6'; >0

pa(:€) < [l€llpae vV ipa(n) |§|\DG(6) + 26\5DG( n) (5.24)
with
2 2 1 2
Spa(n) = IVasmlliawn + Y Ml + Caer®h ™ 1lll72 ok + @ \/?Vn ;
KeT, 7 1lL2(ok)
2
where we recall that «; is the penalization parameter, i.e., ayle = i Ve € T'y, and ¢ = ’ %Qe with
2

| - |2 denoting the matrix norm subordinated to the [? vector norm on Rd Notice that ¢ Dg( ) corresponds
to the right hand side of [18, Equation (4.8)]. In fact, considering the notation of [18], d%q(7,€) is equal to
Ba(n,€) + Bs(n,&) and (5.24) follows along the lines of the proof of [18, Lemma 4.3].

Using [18, Lemma 3.2], we obtain for any C5>0

1
tha(m, &) +cpa(n,€) < €llpae) vV oa(n H§||DG + ﬁTDG(n)v (5.25)

3

where

TG (n) == Z 712||CB77H2L2(K) + 2H771||2L2(8‘+Kﬁ1"2) + 2H770||%2(85K\rg)>
KeTh

with v = supgeq C(w)(*cgi(iligl;;(w)) .

For any 6’; > 0, reasoning as in (5.18), it holds
. Ca o2 L Ca o2 Lo
Ipa(m:§) < Cs(€) | 5 1l€llz2(a) + —==IInllz- < Cs(e Ellbae + ——=Inlbco | -
pa(m:€) () ( 5 [€llz2(c) 2C4H 1Z2(c) (e) 27E|| Bae 27€C4H IDae)

Choosing positive constants 6’\1 , 6'\2, 6‘; and a sufficiently small, i.e., such that

G, G G5 Gyl _1

the following result holds
S Sl ae) + Il < € (10mla) + 606 + roatn) + i) = &0 (5.27)
with
1 1 1 G
C(G) =max | —, —, —, 5(/62 . (528)
2C1 2Cy 2C5 2v¢Cy
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Thus, integrating (5.27), since all the above constants are time-independent, we obtain

i
Nu —usllldee < NElBaE +nllbae < /0 Ml (s)ds + [lnlllDae):

Therefore the interpolation error estimates in Lemma 5.9 give the claimed result, since V¢t € (0,7 it holds

[ @nsasimlbey < ¢ [ (E (1+2+1) [ atmsas+ [ i

KeTy, K

A

v [Vt ede+h [ Vot elds+ [ omrma)? dz)dr+ Inlfe
K oK K
h2min(p+1,s)72 t . ) . 0 0
< 0™ ([ 1B + 100 DIy + Ol )

O

Remark 5.14. Inequality (5.25) depends on Condition (5.20). In [18, Remark 3.15], the authors comment
on this condition: if it is violated, then the presented analysis yields an error bound that is still optimal with
respect to h but is p-suboptimal. A possible remedy is to supplement the definition of the scheme with a
streamline-diffusion term : this restores the hp optimality. However, our numerical results indicate that the
DG scheme is hp-optimal even if Assumption 5.12 is violated and no streamline-diffusion stabilization term
is added. Assumption 5.12 has been removed in [15, Remark 5.9], replacing b by a suitable projection on the
space of discontinuous piecewise polynomial functions.

Remark 5.15. We choose the stabilization parameter independent of p, i.e., asle = ale|™' for any e € T},
with o independent of h and p. From the above proof it is clear that setting ay|. = aple|™! does not affect the
hp-convergence order of the error estimate.

Remark 5.16. Since ||kc||oo < € P+ holds for sufficiently small €, and thus Cs(¢) < |Gle =%, we obtain
from condition (5.26) Cy > €+, Therefore constant C(e) in (5.28) satisfies C(e) < (eﬁ+d)_2, and thus the
constant C(e) in (5.21), i.e., in the a priori error estimate, satisfies Ce) < e~ P+ ase | 0.

Remark 5.17. The norm || -||pg(e), and thus norm ||| -|||pa(e), depend explicitly on . In fact, if € = 0 (and
thus Q. — 0), the H'-part of the norm || - l|pce) tends to zero. Thus the considered norm becomes weaker.
Moreover, as stated in Remark 5.6, when € — 0 we lose control of the jump term.

If we consider error estimates in the following norms:

. 1 1 o
lullbe = 3 (o + llebulliag + 5l ) + 3 lIEag xerg) + 2 ol (529
KeTy, eel’y,
and
t
IROlbe =IOl + [ uPds v e .71,
and we assume that 0 = maxi<; j<d |(\/Q€)ij| < 1, then Theorem 5.13 implies
€ € 1 € €
1w = i) Olllpe < Il =) Ol e
C hmin(p+1,s)71 . .
< ————— (Il Ollmem) + Wm0 me@.7)) -

¢ pST2

Remark 5.18. The diffusion term in (5.3) has been discretized according to the so-called NIPG-DG method
(see [33] and Section 5.2 for this terminology). The results stated in this section hold also for the SIPG method,
i.e., setting B = —1 in the DG formulation of the diffusion term. In this case, (5.15) does not hold, since we
have to deal with the additional term — th{VwTQEn}[w]ds. However, using the Cauchy-Schwarz inequality
(see [33, Section 2.7.1]), we obtain a lower bound for this additional term.
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5.4 Finite variation processes

To approximate problem (2.2) when p > 1, we have to consider that the integral operator A’; in (4.7) is only
well-defined for Lipschitz u, because of the singularity of k(z) in = 0. Thus a Discontinuous Galerkin (DG)
discretization is not directly applicable. However, due to the small-jumps regularization, we can consider a
DG discretization of the regularized problem (4.14).

Note that for processes with finite variation, i.e., 0 < p < 1, the small jump regularization is not neces-
sary to obtain a feasible formulation for the application of a DG discretization. In fact, the jump term
fRd (x+y) — ¢(x)) k(y) dy is not pointwise well-defined for a discontinuous basis function ¢. This is not
necessary for the present algorithm, as a Galerkin formulation with the Dirichlet form of the process is applied
and therefore existence of the integral in a weaker sense is sufficient.

Theorem 5.19. Let Ay be as in (2.4) be an operator of order p and let p < 1 hold. Then the following
estimate can be proved for ¢, € Vy,:

ar(év0) = (Aslol,0) < 3]

g <
Hr/2(R4) Hr/2(R4)

Proof. This follows directly from the continuity of the bilinear form and the embedding V}, C HP/? (G). O

Remark 5.20. Note that an analogous estimate can be obtained for the bilinear form a§(-,-) in the HP2(@).

The small jump regularization is not necessary when finite variation Lévy processes are considered. Note
that this argumentation does not hold if a finite difference discretization is applied. In this case a pointwise
definition of the jump term is necessary and a regularization has to be performed in any case, cf. [12].

5.4.1 DG Formulation

The variational form (5.3) when € = 0, i.e., when no small jump approximation is considered, reads as follows.
Find uy(t,z) € H((0,T); V},) such that Vuy, € V}, it holds

/G Byun (t, @)on ()dz + Apc(un(t ), vn(@) = rhsne(on(@)), (5.30)
up(0,2) = II,P(x), (5.31)
where for v,w € V},
Apg(w,v) :=tpg(w,v) + rpg(w,v) + jpa(w,v), (5.32)
tpa(w,v) := b-Vwuvde — (b ng)wlvrds, (5.33)
pa( K%;rh/ /7 K ij

rpa(w,v) := /Gcwvdw,
inetw0)i= = [ [ (@) - dlt.2)k(y - )iy e, (531)
rhspa(v) :/ fopda — Z / (b-ng)gurds. (5.35)

KeT KNaG
Notice that (5.32), (5.33) and (5.34) corresponds to (5.5), (5.8) and (5.11), respectively, when e = 0.
5.4.2 A priori bound and error estimate
The above formulation is consistent, i.e., the following result holds.

Theorem 5.21. If u is the solution of (4.2), then it satisfies (5.30).

Proof. The proof follows along the lines of the proof of Theorem 5.5. O
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Let us now assume that b and c satisfy

(co)?(z) := c(x) — %div(b(a))) >v>0 (5.36)
(see Condition (4.1)). Reasoning as in Section 5.3.2, we define the norm || - ||pgrv, for suffiently smooth w,
lwllbery = lleowllZ2i) + 1wl ) +% D NlliZeo. k) + NwlliZe o, xrrg)- (5.37)
KeTh
Since we have tpg(w, w) + rpe(w, w) = ||w||Egpy — Hv||%p/2(a) and we assume jpg(w,w) > Cg”””%pﬂ(c)’

ie, Cg =0in (4.8), Apg(w,w) > C||lw|/pgrv holds, for some C' > 0 and all w, i.e., the bilinear Apg(-,-)
form is coercive.

Remark 5.22. Note that the coercivity assumption on jpa(-,-), i.e., Co =0 in (4.8), is not restrictive as we

may use the following transformation v(t,x) = e *“cu(t,x) to obtain a coercive bilinear form in the equation
satisfied by v. See [30, Section 11.1.1] for details.

The following a priori bound and error estimate hold.

Theorem 5.23. Let uy be the solution of (5.30), then

T
1
[un (T, 720 +/O un(t, M arvdt < C{ 1fl720.0) 22y + D EHQH%?((O,T);LQ(e)) + 0, Pl[7 2y

cery
Proof. The proof follows along the lines of the proof of Theorem 5.8. O
Theorem 5.24. Let us define the DG norm

t
NwODery = lw®)[72c) JF/O lw(s)|harvds Vit € (0,T),

where, for ease of notation, we set w(t) := w(t,-), and u and uy, be the solution of (4.2) and (5.30), respectively,
then

hmin(erl,s)fl/Q
I (w = un) Ol perv < Cps——l/Z (HU(t)HHs(G,n) + ||UHH1((O,t);H5(G,Th))) (5.38)

vt € [0,T7.

Proof. Reasoning as in the proof of Theorem 5.13, we obtain

t
- unllBery < /0 0l + 7o (n) + [nllBaryds

and the result follows from interpolation estimates. O

Remark 5.25. In the case of vanishing reaction and transport terms, we obtain an analogous result to Theorem
5.24, considering the norm || - || pgrv = || - ||ﬁp/2(G). The following estimate holds in this case

= Oy + [ = )l bprrds < O )y + )
L2(G) 0 DGFV = ps—ﬁ/Q H=(G,Th) HL((0,t); HS(G,Tn)) )
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6 Implementational Aspects

In the following we discuss in more detail some implementational issues for the DG finite element methods for
the Lévy generator (2.4). We consider the one dimensional bilinear form:

o = - [ [ d<a<x+y>—a<x>>k<y>a<x>dxdy
= /R / y)kY x)dyv(z)dx — /6)}( Ur(s) — u(z))nk =Y (s — z)ds v(x)dx

KEeT, R keT,
= /8K p 7_/ (y — s)dyv(s)nds — Z /, Z /Kﬂ’(y)k(”)(y—x)dyﬁ’(:c)d:c

K'eTh ket 'K KeT,
/ Ur(s) — u(z))nk=Y (s — 2)ds (x)dx,
oK

>

where k(=) () is given in (5.12). Note that the limits lim. k(=2 (¢) and lim, o k(=) (¢) are finite, but might
not coincide, if the process exhibits asymmetric tail behavior. On the other hand lim. g k(_l)(e) does not
necessarily exist. Hence, the application of a standard quadrature rule, e.g., Gauss quadrature, is not feasible.
We therefore employ a composite Gauss quadrature rule to compute the arising integrals, c.f. [9] and [36] for
more details.

We remark that most of the computation time is used for the assembly of the system matrices, which can be
trivially parallelized, as the matrix entries are independent of each other.

For the error analysis we have to evaluate fractional Sobolev norms, this was done by a representation of the
corresponding function in a Riesz basis of the corresponding Sobolev space.

KeTy

7 Numerical Examples

In the following we present numerical examples in one space dimension confirming the analytical results
obtained in the previous sections. The Lévy measure we use in the following is a CGMY jump measure.

Example 7.1. We consider the tempered stable process (for ¢ = ¢y = c_ also called CGMY process in [7]
or KoBoL in [5]) which has a Lévy density of the form

o—Bill o—B-l2]
l/(dZ) = (C+ W1{2>0} +c_ |Z|1+al{z<0}>d27 (71)

forcy,e—, B, 8- >0and 0 < a < 2.

Remark 7.2. Note that we obtain a finite variation process for p = a < 1 and an infinite variation process
for p=a>1, with p as in Assumption 4.1.

Different choices for the drift b(x) will be considered in the following test problem:
Au=f forze G=(0,1), u=0 forzedG={0,1},

where A will be the corresponding Lévy operator and we choose f such that u = 2%(z — 1)

Let A be the pure jump operator with a CGMY jump density and parameters given as o € {0,0.5}, f_ =
B+ =5, C = 1. The convergence rates can be observed in Figure 1, where the error has been measured in
the H*/2((0,1))-norm. Note that in Figure 1.(a) we additionally employ the small jump approximation as
described in Section 3 and approximate the Lévy process Y by Y. The figure supports the theoretical results
(see Remark 5.25) and it can be observed that the truncation error dominates the discretization error for fine
discretization levels and large truncation parameters. In Figure 2 we consider the same equation with a drift
term and observe the convergence rates in the DG-norm || - ||pgrv, defined in (5.37), when artificial diffusion
is not considered. We choose b(x) = 20 — 20x. The results are analogous to the driftless case and confirm
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(a) CGMY model with @ = 0.5 and small jump truncation. (b) CGMY model with oo = 0 (Variance Gamma). L2-error
HO-25_grror.

Figure 1: Convergence rates for different Lévy measures
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Figure 2: Convergence rates for CGMY jump measure with o = 0.5 (drift dominance). DG-error.

the error estimates of Theorem 5.24 when € = 0 , i.e., the truncation of the small jumps does not affect the
solution. In Figure 3 we consider the same problem adding artificial diffusion. The convergence rates in the
DG-norm |- [|pg(e), defined in (5.16), obtained numerically agree with the theoretical results of Theorem 5.13.

Remark 7.3. We show the order of convergence of the time-independent problem in Figures 1-3, since for
this case an exact solution is known. Theorems 5.13 and 5.2/ present a priori error estimates for the time-
dependent case in the ||| ||| pce) and ||| -|||parv norm, respectively. However, the ||-||pae (I|-||parv) error
for the time-independent problem has the same order of convergence of the ||| - |||pae) (Il - lllparv) error of
the corresponding time-dependent problem. This can be easily shown along the lines of the proofs of Theorems
5.13 and 5.24.

Now we consider the dependence of the solution on the regularization parameter e. In the driftless case
we observe the behavior presented in Figure 4, which confirms the results of Theorem 3.7 and Remark 3.8.
We either only truncate the jump measure on the interval (—¢,€) or add an appropriately scaled diffusion as

24



—8—p=3, eps=100
—e—p=3, eps=10"
10°L —r—p=2, eps=10"4
——p=1, eps=0.001
——p=0, eps=0.01

(1

Degrees of freedom

Figure 3: Convergence rates for CGMY jump measure with « = 0.5 and artificial diffusion (drift dominance).
DG-error.

described in Theorem 3.1. Note that in order to observe a convergence behavior in €, we have to choose a
sufficiently fine discretization, such that the discretization error is negligible in comparison with the truncation
error. For the more general case we have to refer to the result in Theorem 3.11. We consider the same Lévy

s=250000

10 10° 10 10 10 10 10’
Epsion Epsion

(a) CGMY model with small jump truncation without artifi- (b) CGMY model with small jump truncation with artificial
cial diffusion. diffusion.

Figure 4: Convergence rates in € for CGMY jump measure with o = 0.5. L2-error.

kernel as above with the drift component b(x) = 20 — 20x. The numerical results are depicted in Figure 5 and
confirm the estimate in Theorem 3.11. The results suggest that the estimates are optimal.

Finally we present a parabolic test case. We consider a pure transport operator with drift b(z) = 10 — 10z
and a Lévy operator with the same drift and the Lévy kernel chosen as above (Figure 6).
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